ABSTRACT
INTRODUCTION
For biological treatment of water-soluble pollutants, whether this process is carried out by free suspended or immobilized cells, the knowledge of biokinetic parameters is essential for modeling, optimization, and assuring the required process efficiency (Lin and Cheng, 2007; Bhunia and Ghangrekar, 2008; Edalatmanesh et al., 2008; El Naas et al., 2009; Kuscu and Sponza, 2009; Saravana et al., 2009; Nicolella et al., 2009; Cokgor et al., 2009 ). This task is particularly important for biodegradation of those substrates that are toxic to biodegrading microorganisms when present at high concentrations, e.g., phenol and its derivatives (Contreras et al., 2008; Tomei and Anessini, 2008; Jahan et al., 2008) . Small variations of phenol concentration may result in significant changes in the process efficiency (Tsai and Juang, 2006; Jiang et al., 2007; Singh et al., 2008) . Several biokinetic models have been developed to account for substrate toxicity. Among them, the Haldane model, which is based on Equation (1), has been used in most of the studies (Haldane, 1930; :
where S (mg/L) is the actual phenol concentration, K s (mg/L) is the half-saturation constant for the growth substrate (e.g., phenol), and K i (mg/L) is the inhibition constant. The maximal value of q s can be determined by differentiating Eq. (1) with respect to s; when dq s /ds = 0, q s is the maximum specific phenol degradation rate that can be achieved and S CR is the critical phenol concentration described by Eq. (2) separating the regimes of phenol-limited growth and inhibition by phenol. As for the physical significance of these constants (beyond equations), K S reflects the microorganism's affinity to phenol, K i measures a significantly (two-fold) inhibiting substrate concentration (thus reflecting phenol toxicity). The high popularity of Haldane model is due to its' sound physical basis and practical applicability; this model proved to be the best in fitting experimental data in a number of studies (Watanabe, 1996; Kumar et al., 2005; Jiang et al., 2007; Sahinkaya and Dilek, 2007; Jahan et al., 2008; Singhet et al., 2008; Nicolella et al., 2009; El-Naas et al., 2009 ). However, the critical weakness of this and other models is that the parameters determined under the idealized conditions of a research laboratory may not accurately represent the real physiological status of a bacterial culture. Small changes in environmental or nutrition conditions, e.g., pH of the medium or extent of cells' adaptation to phenol, may significantly affect the bacterial growth and phenol removal efficiency (Contreras et al., 2008) . As a result, similar (sometimes, the same) strains under seemingly similar conditions may yield different values of kinetic constants . In particular, we postulate that Haldane parameters may change upon simple biomass treatments, such as re-suspension in simple buffers upon centrifugation, especially if this treatment is prolonged. Thus, the present study is focused on the determination of kinetic parameters of aerobic phenol degradation by free suspended cells of Comamonas testosteroni Pb50 under varied growth/nutrition conditions. Unlike the other published data, the aim of this study was to identify the effects of nutrition limitation/abundance and cell starvation on both the exogenous (i.e., due to phenol oxidation) and endogenous respiration rates under inhibitory conditions caused by the presence of phenol. Determination of these parameters under specific conditions of growth and nutrient limitation allowed us to recognize physiological changes in the cell population resulting from impacts of the above-mentioned factors.
MATERIALS AND METHODS

Microorganisms
Comamonas testosteroni Pb50 was used for aerobic phenol degradation as a monoculture. This strain was isolated from a biofilm developed on polyurethane foam particles of a packed bed reactor after 4 months of continuous phenol degradation (Paca Jr. et al., 2005) . The strain was able to utilize phenol, toluene, xylenes, styrene, and acetone as the sole carbon and energy sources. 
Medium
Apparatus,
Conditions and Kinetic Measurements Biodegradation experiments were carried out in a bench-scale bioreactor (B. Braun Biotech GmbH, Melsungen, Germany) with a 1.5 L working volume under aerobic conditions. pH and temperature were constant (7.0 and 30 °C, respectively) (Fig. 1 ). Temperature and pH control were performed using the MFCS/win program supplied with the bioreactor. The bioreactor filled with the base mineral medium was sterilized at 121 °C for 45 min in an autoclave. In respiration experiments, the dissolved oxygen concentration changes were monitored using a polarographic O 2 probe (Mettler, Toledo, Spain). Respirometric measurements were conducted in a closed device with a magnetically driven impeller (with a working volume of 73 mL). The data were transferred to a computer using a micro-DCU (B. Braun Biotech GmbH, Melsungen, Germany). The respiratory flask was completely filled with the base mineral medium saturated with oxygen from air and thermostated at 30 °C. Then, a cell suspension in the same medium, with a controlled amount of biomass, was injected. The ensued constant rate (slope) of dropping the dissolved oxygen concentration was recorded as the endogenous respiration rate, The exogenous respiration rate describes the specific oxygen consumption rate for phenol oxidation whereas the endogenous respiration rate is that of intracellular materials' consumption upon their biological oxidation. The biomass for respiration/biodegradation experiments was obtained using a phenol fedbatch culture system as described previously (Vojta et al., 2002) . Experiments with mineral nutrients present in abundance were carried out using the base mineral medium. Select experiments were conducted in distilled water supplemented with certain nutrients (e.g., potassium phosphate for phosphorus and either potassium nitrate or ammonium sulfate for nitrogen) (1.0 g/L). In these experiments, prior to preparing the cell suspension, the centrifuged cells were washed twice with distilled water supplemented with the same salts as in the subsequent experiment, to eliminate the additional effect of ionic strength (osmotic pressure) in comparison to the growth medium. When mineral nutrients were present in abundance, the base mineral medium was used for washing. Cell starvation in select experiments was conducted for 16 h by placing the cell suspension in a salt solution of a required composition on a rotary shaker prior to the measurement.
Analytical Methods
The gravimetrically determined cell dry weight concentration (X dw ) was applied for concentrated basic cell suspension measurements. The samples were centrifuged, washed twice with distilled water and dried for 1 h at 70 °C and for 2.5 h at 105 °C (Paca and Gregr, 1979) . The basic cell suspension was used for the preparation of diluted cell suspensions applied for spectrophotometric measurements of cell density. The biomass concentration (X) at the start of the phenol degradation and respiration experiments was measured photometrically as an optical density (OD) at 500 nm (Specol 11; Carl Zeiss, Jena, Germany); then, X was computed from the following calibration equation: X = 0.452·OD -0.003 (g/L) with R 2 = 0.999. Biomass concentrations during the biodegradation/respiration experiments were in a range of 0.20 -0.22 g/L. Phenol concentrations in the supernatant were determined using HPLC with a UV detector (Spectro monitor 3200 at 270 nm) and a column (Nucleosil 12-5 C18, 250 x 4 mm; Watrex, Czech Republic) operated under isocratic conditions (using the eluent mixture with the following component ratio: methanol-water-H 3 PO 4 , 50: 49: 1 at a flow rate of 1.0 mL/min). The signal obtained was evaluated by a Chromatography Station for Windows, version 1.7 (CSW).
Obtaining the Kinetic Parameters
The Haldane model kinetic parameters of Equations (1-2) were obtained from the data on phenol consumption using the analytical methods described in the previous section. The bulk of the biokinetic parameters were obtained using respiration kinetic measurements. Upon measuring the exogenous respiration rates at varied phenol concentrations, the parameters of Haldane equation were obtained as given by Equations (4-5):
Effective affinity and toxicity parameters of Equations (1-2) 
RESULTS AND DISCUSSION
Kinetic Parameters Obtained in the Base Growth Medium Figure 2a shows the concentration profile for phenol biodegradation observed in the growth medium. The Haldane equation parameters obtained are summarized in Table 1 . They are comparable with the values reported in other studies ( Table 2 ). The wide variation of kinetic constants may be due to different strain physiology, age of the population at harvesting, treatment conditions at preparing the cells for measurements and different environmental/nutrition conditions during the measurements. Figure 2b shows the exogenous respiration rates of Comamonas testosteroni Pb50 grown on phenol. The calculated kinetic parameters are provided in Table 1 , so they may be compared with those of phenol degradation. This comparison revealed a higher affinity and tolerance to phenol for the exogenous respiration (characterizing the oxygen consumption coupled with phenol oxidation) than for the specific phenol degradation rate (i.e., lower values of K' S vs. K S and higher values of K' i vs. K i ). A slightly higher affinity to phenol for respiration compared to phenol consumption is often observed and may be explained by higher substrate affinity of phenol oxygenases (dominating the respiration) than that of other phenol-degrading enzymes (Contreras et al., 2008; Ellis et al., 2006) . Comparing the kinetic constants obtained in this work (Table 1) with the values reported by other authors in previous work (Table 2) , it is evident that our culture of Comamonas testosteroni Pb50 has a similar affinity but much higher tolerance to phenol than Pseudomonas putida (Seker et al., 1997) . A comparison of our results with those obtained with other microorganisms revealed a low affinity but similar tolerance and a higher exogenous respiration rate to phenol (Table 2 ). The maximum exogenous respiration rate observed in the base growth medium was higher than the values reported by several other researchers as it follows from Table 2 . Different methods of measurement and/or medium composition may contribute to this difference. However, the population physiology (e.g., the cell nutrition conditions and the time elapsed between the cell harvesting and degradation/respiration experiments) may also be among the primary factors causing these changes. The influence of such potential stress factors was investigated in the subsequent experiments. 
Effect of Phenol Inhibition on Cell Physiology
For a more accurate description and physiological interpretation of the inhibitory effect of phenol, the ratio of metabolic quotients demonstrating that the exogenous respiration is more susceptible to inhibition by this toxic substrate than the phenol removal rate. Perhaps, the presence of ample oxygen (accessible in the experiments on phenol consumption conducted in an open reactor) decreased the physiological sensitivity of cells to phenol inhibition as it was reported for eukaryotic cells . Table 1 -Kinetic parameters obtained in the base medium, i.e., when all nutrients in the growth medium were present in ample amounts. However, this effect gradually declined and finally leveled off at higher phenol concentrations (almost no further decrease of the ratios obtained in that study (remarkably similar for varied operational conditions, e.g., pH), were integral, i.e., averaged for all phenol concentrations (thus, reflecting the overall oxygen/phenol metabolic coefficient). Our observations show that measuring the differential ratios (i.e., specific for each phenol concentration) yields an additional advantage of characterizing the cells' optimum physiological state near the optimum phenol concentration.
Respiration Kinetics under Mineral Nutrient Limitation
This part of the study was focused on the effect of main mineral macronutrients on the respiration kinetics. The following ions have been selected: phosphate, ammonia and nitrate (either as individual nutrients or in combinations). The results are shown in Figure 4 and the calculated kinetic parameters according to Equations (4) and (5) are listed in Table 3 . The kinetic analysis revealed that nutrient limitation significantly decreased the exogenous respiration rate but increased the cell affinity to phenol (i.e., lower K ' s ) and the cell tolerance to phenol (higher K ' i ) as implied by the physical significance of these parameters in Equations 1 and 4. ○ -
NO
Endogenous Respiration under Nutrient Limitation
From Tables 1 and 3 it can be seen that the endogenous respiration rate increased significantly (nearly two-fold) under conditions of mineral nutrient limitation in comparison to the base growth medium. This was expected because when the cells are deprived of an external nutrient under aerobic conditions, the endogenous metabolism rate (characterized by end O q 2 ) increases to compensate for the lack of external carbon source, due to the catabolism of intracellular reserve compounds (Dawes and Ribbons, 1962; Van Loosdrecht et al., 1997; Van Loosdrecht and Henze, 1999 Under conditions of a nutrition stress, the maximal rates of exogenous respiration became virtually equal to those of endogenous respiration (Table 3) . This is consistent with the fact that cell growth (and, thus, the growth-coupled substrate/oxygen consumption rate) is severely limited by the availability of mineral nutrients rather than the external carbon source. By contrast, when, at least, both ammonia and phosphorus are present in sufficient amounts (thus, enabling some minimum protein/nucleic acid synthesis), the exogenous respiration rate increases in comparison with the endogenous rate (see the first line of Table 3 ). Note that the inhibition of respiration by excess phenol virtually vanishes under nutrient-limited growth (the values of K' i increase by an order of magnitude), thus indicating that the uptake of this toxic substrate into cells (actually causing toxicity) also declines. Burleigh and Dawes (1967) for Sarcina lutea. This observation shows that changes in the oxygen uptake appear to be a more sensitive indicator of the cells' physiological status than changes in phenol consumption. Figure 5 and the kinetic parameters obtained (including endogenous rates) are provided in Table  4 . combined with a similar drop of the endogenous respiration rate. These values are similar to those reported by Burleigh and Dawes (1967) testosteroni Pb50 within a wide range of phenol concentrations, except near the peak. The mineral nutrient limitation results in a near-10-fold decline of the exogenous respiration rate thus approaching the endogenous respiration rate values, with a concurrent increase of the cell affinity and decrease of cell toxicity to phenol. Long-term cell starvation in mineral buffer solutions resulted in a further 10-fold drop of both the exogenous and endogenous respiration rates, along with an increase of the cell affinity to phenol. Thus, when cells are washed with buffers (particularly, if this treatment is prolonged), an alteration of Haldane kinetics parameters may occur.
